Many neurons express a multiplicity of GABA A receptor subunit isoforms. Despite having only a single source of inhibitory input, the cerebellar granule cell displays, at various stages of development, more than 10 different GABA A subunit types. This subunit diversity would be expected to result in significant receptor heterogeneity, yet the functional consequences of such heterogeneity remain poorly understood. Here we have used single-channel properties to characterize GABA A receptor types in the synaptic and extrasynaptic membrane of granule cells. In the presence of high concentrations of GABA, which induced receptor desensitization, extrasynaptic receptors in outside-out patches from the soma entered long-lived closed states interrupted by infrequent clusters of openings. Each cluster of openings, which is assumed to result from the repeated activation of a single channel, was to one of three main conductance states (28, 17, or 12 pS), the relative frequency of which differed between patches. Such behavior indicates the presence of at least three different receptor types. This heterogeneity was not replicated by individual recombinant receptors (␣ 1 ␤ 2 ␥ 2S or ␣ 1 ␤ 3 ␥ 2S ), which gave rise to clusters of a single type only. By contrast, the conductance of synaptic receptors, determined by fluctuation analysis of the synaptic current or direct resolution of channel events, was remarkably uniform and similar to the highest conductance value seen in extrasynaptic patches. These results suggest that granule cells express multiple GABA A receptor types, but only those with a high conductance, most likely containing a ␥ subunit, are activated at the synapse.
GABA is the principal inhibitory neurotransmitter in the CNS, acting on ionotropic GABA A receptors and metabotropic GABA B receptors. GABA A receptors are heteropentamers formed from multiple subunit types. To date, nineteen different mammalian subunit genes have been described (␣ 1-6 , ␤ 1-4 , ␥ 1-3 , ␦, ⑀, , and 1-3 ), with f urther diversity arising from alternative splicing. E xcept for the subunits, which assemble independently, and the subunit, which occurs outside the C NS, GABA A receptors can be formed from a pool of some 20 different subunits, inclusive of splice variants (for review, see Barnard et al., 1998) . Many neurons express multiple subunit types Wisden et al., 1992) and would be expected to display significant receptor heterogeneity, even allowing for restrictions governing subunit assembly (Connolly et al., 1996a; McKernan and Whiting, 1996) . Numerous studies of recombinant receptors have shown that the biophysical and pharmacological properties of GABA A receptors depend critically on their subunit composition (for review, see Macdonald and Olsen, 1994 ), yet the functional consequences of receptor multiplicity remain poorly understood. For a number of transmitters, it has been suggested that distinct receptor subtypes may be targeted to specific regions of the neuronal membrane, possibly enabling cells to respond in different ways to the same transmitter. For GABA A receptors, specific targeting mechanisms have been proposed (Connolly et al., 1996b; Fritschy et al., 1998) . Furthermore, immunohistochemical studies have provided direct evidence for segregation of subunit proteins within individual neurons (Koulen et al., 1996; Nusser et al., 1996 Nusser et al., , 1998 Fritschy et al., 1998) .
Cerebellar granule cells express a particularly wide range of GABA A subunits, despite having a relatively simple morphology and receiving most of their inhibitory input from one cell type. Granule cells originate from progenitors in the external germinal layer, from where they migrate through the molecular layer, past the Purkinje cells, to take up their final positions in the internal granule cell layer. Here they receive GABA-mediated inhibitory input from Golgi cells (Eccles et al., 1967; Bisti et al., 1971; Hámori and Takács, 1989) . In the rat, these processes take place during the first 3 postnatal weeks. In situ hybridization and immunohistochemical data indicate that granule cells express, at various developmental stages, more than 10 different GABA A subunits (for review, see Wisden et al., 1996) . Indeed, even before synapse formation, granule cells in the external germinal layer contain mRNA for five subunits (␣ 2 , ␣ 3 , ␤ 3 , ␥ 1 , and ␥ 2 ) Zdilar et al., 1992) , and whole-cell patch-clamp recordings have shown that they express functional GABA A receptors . In this study, we have sought to determine whether this diversity of subunit expression is reflected in the functional properties of synaptic and extrasynaptic GABA A receptors. Specifically, we have examined the singlechannel properties of GABA A receptors in granule cells before and immediately after synapse formation. Our results suggest that granule cells express multiple GABA A receptor types, but possess mechanisms capable of differentially targeting these receptors, such that only a selected subset is incorporated into the postsynaptic membrane.
within a single patch, all current-voltage data were fitted simultaneously with the constraint of a common reversal potential.
Individual clusters of openings, separated by at least 1 sec, were extracted from the digitized record for f urther analysis. The probability of the channel being open during each cluster (P o ) was calculated according to P o ϭ cluster integral /(cluster length ϫ cluster main amplitude), where the main amplitude for each cluster was calculated from the all-point amplitude histogram (Colquhoun and Ogden, 1988; Newland et al., 1991) . The baseline was taken as the mean of the current value at the beginning and end of each cluster.
Single-channel currents were also analyzed using the method of time course fitting (Colquhoun and Sigworth, 1995) (EK DIST; http:// w w w.ucl.ac.uk / Pharmacology/dc.html). Currents were replayed from tape, filtered at 2 kHz, and digitized at 20 kHz (CED 1401ϩ interface; C ambridge Electronic Design, C ambridge, UK). Individual openings were fitted by the step response f unction of the recording system; only openings longer than two filter rise times (reaching 98.8% of their f ull amplitude) were included. The mean amplitude levels of single-channel currents were determined from fits of Gaussian distributions to the cursor-fitted amplitudes. Channel open periods are given as the weighted time constants of exponential f unctions fitted to the distributions of open periods. Distributions were fitted by the method of maximum likelihood (Colquhoun and Sigworth, 1995) . Conductance values for single-channel events are given as slope conductance where measured, or as chord conductances (␥ chord ) at single potentials, determined according to ␥ chord ϭ i/(V cmd Ϫ E rev ), where i is the observed single-channel current, V cmd the command voltage, and E rev the reversal potential. E rev was taken as ϩ0.94 mV, the mean value measured from current-voltage relationships in 13 outside-out patches from internal granule cells.
Spontaneous IPSCs. For analysis of I PSC s, currents were replayed from tape and filtered at 5 or 2 kHz before digitization at 40 or 10 kHz, for measurement of rise and decay times, respectively. I PSC s were identified by eye from the digitized records and were analyzed using software ("N" v1.0) written by Stephen Traynelis (Emory University, Atlanta, GA). Current decays were fitted using either "N" or Origin 4.10 (Microcal, Northampton, M A).
Nonstationar y fluctuation anal ysis. To determine the conductance of synaptic GABA A channels, I PSC s were analyzed by nonstationary fluctuation analysis. To isolate fluctuations in the current decay attributable to stochastic channel gating, the mean waveform was scaled to the peak of individual I PSC s (Traynelis et al., 1993; Silver et al., 1996) . The requirements for such analysis include the stability of current decay time course throughout the recording and the absence of any correlation between decay time course and peak amplitude. The relationship between the peak-scaled variance and the mean current is given by PS 2 ϭ iI Ϫ I 2 /N P ϩ B 2 , where PS 2 is the peak-scaled variance, I is the mean current, i is the weighted-mean single-channel current, N P is the number of channels open at the peak of the I PSC, and B 2 is the background variance. In these experiments I PSC s were analyzed from selected epochs in each of 10 cells (25-214 I PSC s) in which the peak amplitude was stable over time and in which there was no correlation between current decay (62% decay time) and peak amplitude ( p Ͼ 0.05, Spearman rank-order correlation test). Although the relationship between PS 2 and I can be skewed if channels open for the first time after the peak of the I PSC, meaningf ul values for the weighted-mean single-channel current (i) can be obtained by analyzing the variance of the tail of the I PSC (Traynelis et al., 1993; Nusser et al., 1997; Traynelis and Jaramillo, 1998) . However, in this case, the PS 2 Ϫ I relationships were parabolic, and there was no significant difference ( p ϭ 0.69; paired Student's t test) between the estimate of i obtained from fitting the f ull parabola or its initial 50%, corresponding to the tail of the I PSC. The values reported are those from the f ull fit. When pooling the current-variance data across cells, we plotted normalized variance ( PS 2 Ϫ B 2 /I max ) against normalized current (I /I max ), where I max is the peak synaptic current for each cell.
Direct resolution of synaptic channels. For analysis of channel openings directly resolved in the I PSC decay, all-point amplitude histograms were constructed from individual I PSC s (filtered at 1 kHz and digitized at 5 kHz). A mixture of Gaussian distributions was fitted to the resulting histograms using a maximum likelihood fitting procedure. The amplitudes of steps in the tail of I PSC s were calculated from the inter-peak intervals in each all-point histogram. The presence of additional conductance states within the synaptic channel openings was investigated using a variant of the sublevel detection method of Patlak (1988) . In this case, the digitized record was scanned with a rolling window of 9 -15 points and for all positions of the window in which the variance was below an arbitrarily defined limit (typically one to two times the baseline variance), median values were calculated (Mathcad; MathSoft, C ambridge, M A) and used to construct the amplitude histogram. All results are given as mean Ϯ SEM. Statistical comparisons were performed with STATIS-TICA 5.1 (StatSoft, T ulsa OK) . Differences between groups were tested using either the Student's t test (when measures were normally distributed; Shapiro -Wilk test) or the Mann -Whitney U test and considered significant at p Ͻ 0.05.
RESULTS

Extrasynaptic GABA A receptors in internal granule cells are heterogeneous
The single-channel properties of cerebellar granule cell GABA A receptors have been studied previously for neurons in culture and in slices (K ilic et al., 1993; Kaneda et al., 1995; Amico et al., 1998) . Although multiple conductance states have been observed in both preparations, it remains unclear whether the openings result from multiple states of a single receptor type or from different receptor types . To answer this question, we examined currents evoked by high concentrations of GABA (in a total of 22 patches recorded from 11 different animals) that were sufficient to induce marked receptor desensitization. Under these conditions, GABA A receptors enter longlived closed states, and channel openings occur in infrequent clusters, each assumed to result from the repeated activation of a single receptor (Sakmann et al., 1980 , Hamill et al., 1983 Colquhoun and Ogden, 1988; Newland et al., 1991) . Therefore, if different conductance states arise from different receptor types, then their activation should give rise to distinct cluster types.
In the presence of 10 M AP5, 5 M CNQX, and 200 nM strychnine, to block NMDA, non-NMDA, and glycine receptors, respectively, the application of 50 M GABA to outside-out patches from granule cells in the internal granular layer resulted in a large inward current (Fig. 1 A) . In the continued presence of GABA, the current slowly decayed until it was possible to resolve openings and closures of single channels (Fig. 1 B) . Channel openings occurred in prolonged but infrequent clusters. However, each cluster did not necessarily open to the same main conductance state; although not always present in each patch, three distinct cluster types were observed overall. In the example shown in Figure 1 , the openings within individual clusters were to one of two levels, corresponding to what we term "highconductance" and "low-conductance" events (Fig. 1C,D) . Clusters of high-conductance openings were observed in all 13 patches analyzed. These had a mean slope conductance of 27.6 Ϯ 0.7 pS (Fig. 2) . A "mid-conductance" cluster-type, with a mean slope conductance of 16.9 Ϯ 0.5 pS, was present in 10 of the patches. Low-conductance clusters were present in four patches and had a mean slope conductance of 11.6 Ϯ 1.2 pS.
Patches could be divided into four groups according to the cluster types present (Fig. 2) . The majority of patches (n ϭ 7) displayed high-and mid-conductance cluster types, three patches contained all three cluster types, and two patches exhibited only high-conductance clusters, whereas high-and low-conductance clusters were seen in only one patch (Fig. 2 B) . Although the total length of recording for each patch differed (ϳ1-15 min), the likelihood of observing clusters of different conductance within a given patch did not reflect any underlying difference in the frequency of opening. Thus, when present, the various cluster types occurred with similar mean frequencies (ϳ0.06, 0.05, and 0.05 Hz, for high-, mid-, and low-conductance clusters, respectively).
To test for the presence of channel subconductance states within clusters and to determine any kinetic differences between the three cluster types, we reexamined clusters of openings by the method of time course fitting (Colquhoun and Sigworth, 1995) . This approach revealed that high-conductance clusters (n ϭ 9 patches) contained openings with a main chord conductance of 28.5 Ϯ 0.8 pS and a subconductance state of 17.4 Ϯ 1.0 pS. This lower conductance state was present in each cluster and accounted for a consistent but relatively minor fraction of openings (10.1 Ϯ 2.6%). In all patches tested, direct transitions were observed between the main and lower conductance states. Time course fitting of the mid-conductance clusters (main state 19.9 Ϯ 1.9 pS; n ϭ 4) also revealed a subconductance of 10.6 pS in two patches (11.2% of openings). Low-conductance clusters were analyzed in five patches and had a single-channel conductance of 14.4 Ϯ 0.4 pS, with no apparent subconductance states. In some recordings, high-conductance clusters appeared to display briefer openings than the mid-or low-conductance clusters (Fig. 1 D) . Indeed, time course fitting revealed shorter contiguous open periods in the high-conductance clusters (5.2 Ϯ 0.9 msec) compared with the mid-(6.5 Ϯ 1.2 msec) and low-conductance clusters (9.9 Ϯ 2.9 msec). This difference between high-and lowconductance openings was significant ( p Ͻ 0.05, Mann-Whitney U test). Together, the subconductance and open period data emphasize the different properties of the three cluster types.
To examine the variation between clusters, we next studied all clusters individually, measuring both the main cluster conductance and the proportion of time for which the channel was open during a cluster (P o ) (Colquhoun and Ogden, 1988; Newland et The right-hand panel shows data from a third patch in which clusters exhibited openings to one of three current levels, giving slope conductances of 26, 18, and 12 pS. B, The distribution of different cluster types between patches. High-conductance clusters (F) were recorded in all 13 patches and had a mean single-channel conductance of 27.6 pS, shown by the solid line (dotted lines indicate Ϯ1 SEM). Ten of 13 patches also contained clusters of openings that had a mid conductance (Ⅺ; 16.9 pS). Four patches displayed clusters of openings that had a low conductance (OE; 11.6 pS). Figure 3A are from a single patch that exhibited all three cluster types. The distribution of these three clusters among the entire sample is shown by the symbols in Figure 3B . As shown in Figure 3C , the high-conductance clusters exhibited a lower mean P o than the mid-and low-conductance clusters. The P o calculated for 224 high-conductance clusters (chord conductance 27.9 Ϯ 2.7 pS) was 0.6 Ϯ 0.2, whereas the mid-conductance (16.7 Ϯ 1.6 pS, n ϭ 92) and low-conductance (11.7 Ϯ 1.5 pS, n ϭ 37) clusters had identical P o values of 0.8 Ϯ 0.1. The P o value for high-conductance clusters was significantly lower that those for mid-and low-conductance clusters ( p Ͻ 0.05, Mann -Whitney U test).
Multiple receptor types are present before synapse formation
One interpretation of these observations is that the clusters of openings represent activity of individual channels and the different types of clusters arise from three or more distinct receptor types with different main conductance states. Granule cells at P7 are in the early stages of synapse formation. GABA-positive Golgi axon terminals are first seen in the internal granular layer at P2-P3 (Meinecke and Rakic, 1990) , whereas spontaneous IPSCs can be recorded at P4 and are present in ϳ70 -80% of cells by P7 (Brickley et al., 1996 ; this study). The heterogeneous properties of GABA A channels that we observe at this age could therefore reflect developmental differences between cells. Indeed, it has been suggested that activation of GABA A receptors themselves, for example after synaptogenesis, may be responsible for triggering the expression of different GABA A receptor types (for review, see Carlson et al., 1998) . To examine the properties of GABA A receptors before synapse formation, we recorded from premigratory cells in the external granule cell layer at P7. In patches from these cells there were also three distinct cluster types, similar to those present in postmigratory granule cells. Clusters of high-conductance openings (chord conductance 25.2 Ϯ 0.9 pS) were observed in eight of nine patches examined, mid-conductance clusters (17.0 Ϯ 0.6 pS) were present in four patches, and low-conductance clusters (12.2 Ϯ 1.4 pS) were present in three patches. A single patch contained clusters of the mid-conductance type (17 pS) alone and lacked any highconductance clusters. These results suggest, therefore, that het- A, Examples of high-, mid-, and low-conductance channel clusters recorded from a single somatic patch from a P7 internal granule cell (Ϫ60 mV; for display, records were filtered at 1 kHz). The integral is plotted below each current record. Shown to the right of each cluster is its corresponding all-point amplitude histogram with the calculated chord conductance and P o (see Materials and Methods). B, The distribution of all chord-conductance estimates from 310 individual clusters recorded from a total of 21 patches. The histogram was fitted with the sum of three Gaussian distributions, with peaks at 12, 17, and 28 pS (compare with the slope conductance estimates in Fig. 2 ). The symbols superimposed on the distribution indicate the conductance for each of the three clusters shown in A. C, The relationship between cluster main conductance and cluster P o . The distinction between low-conductance (OE), mid-conductance (Ⅺ), and high-conductance clusters (F) is based on the distribution in B and calculated by the method of minimum misclassification (Colquhoun and Sigworth, 1995) . Superimposed bars indicate the mean and SD of main conductance and P o for each cluster type. erogeneity of channel conductance is not solely the result of developmental differences between cells.
The simplest explanation for our observations is that the three different cluster types arise from distinct receptor types that differ in their main conductance states. It is also possible, however, that all openings arise from a single receptor type that undergoes some form of "modal" gating to preferred conductance states that are segregated within different clusters. However, intracellular modulation of GABA A receptor activity, for example by phosphorylation, is known to influence channel kinetics but does not affect single-channel conductance (Jones and Westbrook, 1997; Amico et al., 1998) . The variable frequency of occurrence of different cluster types between patches also argues against the possibility that a single receptor type is responsible for all three cluster types. However, we tested this possibility f urther by recording from a homogenous population of GABA A receptors in HEK-293 cells. These were transiently transfected with ␣ 1 , ␤ 2 , and ␥ 2S subunits, which, given their preferential coassembly, are thought to form only a single type of GABA A receptor (Angelotti and Macdonald, 1993; Tretter et al., 1997) . If each cluster type in granule cells reflects a different "mode" of the same receptor rather than different receptors, then one might also expect to record clusters with different main conductance states from a "pure" receptor population.
Recombinant GABA A receptors
When patches from HEK-293 cells expressing ␣ 1 , ␤ 2 , and ␥ 2S subunits were initially exposed to 50 M GABA, a large inward current was elicited that rapidly declined until single-channel openings could be observed. This pattern of activity was broadly similar to that seen with native receptors, and the overall cluster frequency (0.17 Ϯ 0.03 Hz, n ϭ 12; after four separate transfections) was not significantly different from that observed in patches from internal granule cells (0.11 Ϯ 0.02 Hz, n ϭ 17; p Ͼ 0.05, unpaired Student's t test). However, unlike native receptors, each cluster of openings from recombinant receptors appeared to be to the same main conductance state (compare Fig. 4 A with 1 B) .
In 13 patches a sufficient number of clusters was recorded to allow construction of all-point amplitude histograms, yielding a main chord conductance of 25.9 Ϯ 0.3 pS. Clear transitions to a lower conductance state were also evident during these highconductance clusters (Fig. 4 B) . In four patches this subconductance state was sufficiently frequent to be discernible from the all-point amplitude histograms (data not shown), giving a con- ductance of 14.6 Ϯ 1.1 pS. We next analyzed each cluster independently (as for native receptors; see above). For 190 clusters from 13 patches, the main conductance state (the largest component of the all-point histogram) was 27.9 Ϯ 0.2 pS, and the P o value was 0.50 Ϯ 0.01 (n ϭ 190 clusters). These values were similar to those for the native high-conductance clusters (compare Fig. 4C,D with Fig. 3B,C) .
This relatively simple channel behavior was also seen with a second combination of subunits. Thus, when a transfection was performed with a ␤ 3 subunit rather than the ␤ 2 subunit, the resulting receptors also gave rise to clusters of an apparently uniform type, with a main single-channel conductance of 28.0 Ϯ 1.0 pS, a subconductance state of 17.4 Ϯ 1.9 pS (n ϭ 4), and a P o of 0.40 Ϯ 0.02 (89 clusters). In agreement with the impression of uniform cluster type for both ␣ 1 ␤ 2 ␥ 2S and ␣ 1 ␤ 3 ␥ 2S receptors, 286 of the 289 clusters analyzed (ϳ99%) contained openings to the high-conductance state (Fig. 4) . This is clearly different from the situation in native receptors (internal granule cells) where 107 of 310 clusters (35%) were of a mid-or low-conductance type.
Taken together, these results support the idea that, for native receptors, clusters of openings with different main conductance states represent the activity of different receptor types, each having a distinct main conductance and, in the case of high-and mid-conductance types at least, a less frequently occurring subconductance state. Because recombinant GABA A receptors containing different subunits can give rise to channels with similar conductances (see above) (Macdonald and Olsen, 1994) , each cluster type seen in granule cells could arise from receptors with several molecular compositions. Thus, we conclude that at least three receptor types are present in the somatic membrane of both premigratory and postmigratory granule cells. Given this diversity of extrasynaptic receptors, we next asked whether such diversity occurred at the synapse.
GABA A receptor-mediated IPSCs in cerebellar granule cells
In the presence of 5 M C NQX and 10 M AP5, Ͼ70% of cells (86/110, from 34 animals) exhibited spontaneous I PSC s (Fig. 5A) . The reversal potential for I PSC s (ϩ8.4 Ϯ 0.6 mV, n ϭ 10) was close to the expected C l Ϫ ion equilibrium potential of ϩ2 mV given the near symmetrical C l Ϫ ion distribution. The I PSCs were reversibly blocked by the competitive GABA A receptor antagonists bicuculline methobromide (10 M) and SR-95531 (100 nM) but were unaffected by the glycine receptor antagonist strychnine (200 nM) (data not shown) . As previously reported, the I PSC s were greatly reduced in frequency by 200 nM tetrodotoxin (from ϳ1 Hz to Ͻ0.1 Hz), indicating that most events result from action potentials in presynaptic Golgi cells Brickley et al., 1996; Rossi and Hamann, 1998) .
For each cell, an average I PSC waveform was generated from Ͼ50 events aligned on their rising phase. Superimposed events were excluded from analysis, and we included only those IPSCs that had a monotonic rising phase lacking inflections (Fig. 5B,C) and that returned to baseline without contamination from subsequent events. As expected from the electrically compact nature of the granule cell (Silver et al., 1992; C lark et al., 1997) , the majority of I PSC s had a rapid rising phase (Fig. 5C ) with a 10 -90% rise time that was not correlated with peak amplitude (Fig. 5D) . The average I PSC waveforms from 14 cells had a 10 -90% rise time of 372 Ϯ 19 sec and a decay best described by the sum of three exponentials ( 1 ϭ 8.0 Ϯ 1.1 msec, 22%; 2 ϭ 33.5 Ϯ 2.4 msec, 58%; 3 ϭ 102.9 Ϯ 8.2 msec) (Fig. 5E ).
Single-channel properties of synaptic GABA A receptors estimated from fluctuation analysis
To obtain an estimate of the single-channel conductance for receptors underlying the IPSC we used the method of peakscaled nonstationary fluctuation analysis (Traynelis et al., 1993; DeKoninck and Mody, 1994; Silver et al., 1996; Traynelis and Jaramello, 1998) . This approach enables channel conductance to be determined from the variance of individual synaptic events about the mean synaptic waveform. For each of 10 cells, the mean waveform was scaled to the peak of each IPSC, and the mean current and its variance were determined for 30 bins of equal amplitude (Fig. 6 A) . In all cases, plotting the mean current against the variance yielded a characteristic parabolic relationship. For the example shown in Figure 6 B, fitting the currentvariance relationship (see Materials and Methods) gave a weighted-mean single-channel current of 1.60 pA (corresponding to a chord conductance of 22.5 pS) and a mean of 39 channels open at the peak of the IPSC. The single-channel current values from 10 cells were normally distributed (Shapiro-Wilk test), with a mean of 1.96 Ϯ 0.13 pA, corresponding to a conductance of 27.6 Ϯ 1.8 pS (Fig. 6C) . Plotting the normalized variance against the normalized current (see Materials and Methods) for data pooled from all 10 cells confirmed the almost perfect parabolic relationship between mean current and variance (Fig. 6 D) , suggesting that the weighted-mean conductance is the same for channels contributing to different phases of the IPSC decay.
Direct resolution of synaptic channel events
In the most favorable whole-cell recordings (baseline currentvariance Ͻ330 fA 2 ; mean 252 Ϯ 22 fA 2 ; n ϭ 8; 1 kHz filter), the high input resistance and electrical compactness of cerebellar granule cells allowed us to resolve individual channel closures in the tail of IPSCs. This is illustrated in Figure 7A , which shows successive enlargements of the tail of an individual IPSC. For each of eight cells examined, channel-like steps could be clearly identified in the decay phase of all IPSCs, regardless of the IPSC peak amplitude (Fig. 7B) . Moreover, for each of the smallest IPSCs observed, their peak was an integer multiple of the last resolvable current step. For example, in the case of the two IPSCs shown in Figure 7C , the waveforms could be divided into five and seven steps of equal amplitude.
To quantify the size of the current steps, all-point amplitude histograms were constructed from individual IPSCs (Borst et al., 1994) . For the IPSC shown in Figure 8 A, this revealed a series of six equally spaced peaks (inset). The first peak in the histogram corresponds to the closed level ( C), and the five subsequent peaks result from steps in the tail of the IPSC. The histogram was fitted with the sum of six Gaussian distributions, and step sizes were determined from the inter-peak intervals (1.7, 2.2, 1.9, 1.8, and 2.1 pA). In the cell from which this IPSC was recorded, the average step size determined from 47 steps in 27 individual IPSCs was 2.04 Ϯ 0.04 pA, corresponding to a single-channel chord conductance of 28.7 pS. The amplitude of these steps appeared consistent within individual IPSCs. Furthermore, the step size was consistent for different IPSCs in the same cell and for IPSCs in different cells. Figure 8 B shows data from one cell in which the step size for the final two resolvable closures (S1 and S2) was determined for 50 consecutive IPSCs. Because these spontaneous IPSCs arise from an unknown number of different synapses, it is clear that the conductance of the underlying receptors is similar not only at individual synapses but also at different synapses on the same cell. As is also apparent from Figure 8 B, the amplitudes of the last five steps (S1-S5) determined from all events were remarkably consistent. Finally, as shown in Figure 8C , the IPSC step size (calculated as a single value for each I PSC; taking a mean value when multiple steps were resolved) was normally distributed, with a low coefficient of variation (C V) (mean 1.87 Ϯ 0.02 pA, n ϭ 234 I PSC s, corresponding to a conductance of 26.4 pS; CV ϭ 0.13). A similar distribution (data not shown) was obtained when all resolved steps (n ϭ 480) were considered individually and had a C V of 0.17.
Together these observations suggest that GABA A receptors in the synaptic membrane of granule cells have a uniform singlechannel conductance, similar to the high-conductance channels identified in the extrasynaptic membrane. As noted above, one feature of the high-conductance extrasynaptic receptors is the occasional presence of a subconductance state. If synaptic receptors are similar to these extrasynaptic receptors, then they too might be expected to display a subconductance state. Indeed, in a small number of IPSCs, channel openings of an apparently lower conductance were detected in conjunction with the highconductance events. To increase the resolution of channel openings and minimize the contribution of background noise, we applied a smoothing procedure to these selected IPSCs (see Materials and Methods) . This confirmed that a very small proportion of resolvable synaptic channel openings (ϳ2%; 9 out of the total of 480) were to a distinct lower conductance level. One particularly clear example is illustrated in Figure 8 D. In the tail of this IPSC it is possible to discern a prolonged opening of lower amplitude before the final full-amplitude channel closure. This is made clearer in the smoothed waveform and its associated amplitude histogram (Fig. 8 D, insets) . Openings of this type could be resolved in nine IPSCs and had a mean amplitude of 1.07 Ϯ 0.06 pA (15.1 pS), significantly lower ( p Ͻ 0.05, paired Student's t test) than the main conductance state determined in the same IPSCs 2 kHz filtering) . B, The initial phase of some IPSCs shows obvious inflections caused by superimposition of events (asterisk s; 5 kHz filtering). C, Most I PSC s exhibit monotonic rises with no obvious inflections. Only IPSCs that exhibited such a monotonic rise were included in any f urther analysis. D, The distribution of the resulting 10 -90% rise times is well described by a single Gaussian. The inset illustrates the lack of relationship between rise time and peak amplitude for I PSC s recorded in one cell. E, An example of an averaged I PSC with its decay fitted by the sum (solid line) of three exponentials (dotted lines). The inset shows the average waveform (dots) and single ( 1), double ( 2), or triple ( 3) exponential fits (solid lines) displayed with current on a log scale; only the triple exponential fit adequately describes the current decay (2 kHz filtering).
(1.78 Ϯ 0.06 pA; 25.1 pS). The temporal resolution afforded by whole-cell recordings makes it difficult to say whether these openings represent true subconductance states or whether this lower level results from the opening of a separate mid-conductance GABA A receptor. Regardless of its origins, the lower conductance state contributes very little to total charge transfer during a single I PSC.
Finally, it is interesting to note that individual channel openings as well as the more obvious channel closures could also be seen during the I PSC decay (Figs. 7C, 8A ). The lack of skew in the parabolic current-variance relationship (Fig. 6 ) suggests that few, if any, channels open for the first time after the peak of the IPSC (Traynelis et al., 1993) . It would thus appear that these events reflect the reopening of GABA A receptors after their synchronous opening at the peak of the synaptic current. This delayed reopening is thought to occur on exit from desensitized states, entered after the brief exposure to high concentrations of transmitter in the cleft, and has been suggested to prolong the decay of the I PSC (Jones and Westbrook, 1995) .
DISCUSSION
In this study, we have examined the single-channel properties of synaptic and extrasynaptic GABA A receptors in developing cerebellar granule cells. On the basis of differences in channel conductance, we suggest that GABA A receptors in premigratory granule cells before synapse formation are heterogeneous, with at least three receptor types present. This heterogeneity is maintained in granule cells that have recently migrated and whose extrasynaptic GABA A receptors display very similar properties. By contrast, receptors at newly formed synapses open, almost exclusively, to a single, high-conductance state.
Subunit diversity and channel heterogeneity
In granule cells the pattern of GABA A receptor subunit expression is developmentally regulated. In situ hybridization studies have shown that premigratory cells express ␣ 2 , ␣ 3 , ␤ 3 , ␥ 1 , and ␥ 2 subunit mRNA . After migration, levels of ␣ 2 , ␣ 3 , and ␥ 1 mRNA decline, whereas levels of ␣ 1 and ␥ 2 mRNA increase dramatically. After the first postnatal week, ␣ 6 and ␦ subunit expression become significant , leading to the predominance of ␣ 1 , ␣ 6 , ␤ 2 , ␤ 3 , ␥ 2 , and ␦ subunit mRNAs in the adult. Immunohistochemical studies of adult tissue have confirmed the presence of the corresponding proteins (Z imprich et al., 1991; Fritschy et al., 1992; Nusser et al., 1998) , and a combination of techniques have suggested that at least four receptor types may be present (␣ 1 ␤ 2/3 ␥ 2 , ␣ 6 ␤ 2/3 ␥ 2 , ␣ 6 ␤ 2/3 ␦, and ␣ 1 ␣ 6 ␤ 2/3 ␥ 2 ) (Nusser et al., 1998) . At the age we have examined (P7) it is likely that ␣ 6 and ␦ proteins are not yet expressed; nevertheless, multiple ␣, ␤, and ␥ subunits will be present. Thus the potential for receptor heterogeneity exists at all stages of granule cell development (for review, see Wisden et al., 1996; C arlson et al., 1998) .
How does this subunit diversity relate to the heterogeneity of channel conductance? The ion selectivity and conductance of GABA A receptors is determined by the presence of charged residues close to and within the second transmembrane domain (TM2) of each subunit (Smith and Olsen, 1995) . To assess the possible influence of different subunits on single-channel conductance, the primary structure of GABA A receptor subunits was compared, and the net charge for the region encompassing TM2 (between the intracellular end of TM1 and the extracellular end of TM3) was calculated for all ␣, ␤, ␥, and ␦ subunits [after the approach of Fisher and Macdonald (1997) ]. The ␥ and ␦ subunits contribute a greater net positive charge (␥ 1 , ␥ 2 , ␦ ϩ4; ␥ 3 ϩ5) to this region than do any of the ␣ or ␤ subunits (ϩ3 and ϩ2, respectively). It has been suggested (Fisher and Macdonald, 1997) that this difference may account for the consistent observation of a higher main conductance state for ␣␤␥ or ␣␤␦ combinations when compared directly with ␣␤ heterodimers (26 -32 pS vs 11-20 pS) (Puia et al., 1990; Verdoorn et al., 1990; Angelotti and Macdonald, 1993; Fisher and Macdonald, 1997; S. Brickley and M. Farrant, unpublished observations) . Our single-channel conductance data indicate the presence of at least three different receptor types in granule cells at P7. Although we cannot equate the high-, mid-, and low-conductance channels (28, 17, and 12 pS) with specific subunit combinations, it seems likely that at P7 the high-conductance openings result from receptors composed of ␣, ␤, and ␥ subunits, whereas the lower conductance events result from receptors lacking a ␥ subunit. The significantly lower P o values and briefer open periods of the high-conductance clusters further distinguish these receptors from those giving rise to clusters of lower conductance openings.
Not only does the ␥ subunit influence channel conductance, but it is also essential for allosteric modulation by benzodiazepines (for review, see Barnard et al., 1998) . Consistent with the presence of ␥-containing receptors, GABA-induced currents in premigratory and postmigratory granule cells , as well as those in cultured granule cells (Mathews et al., 1994; Mellor and Randall, 1997) , are potentiated by benzodiazepines. Most neurons express ␥ subunits, and heteromeric assemblies of ␣, ␤, and ␥ subunits are considered to be the most common form of native GABA A receptor (McKernan and Whiting, 1996) . Nevertheless, it is clear that, in expression systems at least, combinations of ␣ and ␤ subunits can form functional receptors (Connolly et al., 1996a,b; Gorrie et al., 1997; Tretter et al., 1997) . However, because of evidence for preferential coassembly of ␣, ␤, and ␥ subunits (Angelotti and Macdonald, 1993; Tretter et al., 1997) , the possible existence of native receptors formed from ␣ and ␤ subunits has been largely overlooked. Our data, showing the presence of both low-and high-conductance receptors in developing cerebellar granule cells, suggests an abil- ity of neurons to independently assemble either ␣␤-or ␣␤␥-containing receptors. Moreover, these receptors appear to be targeted to different regions of the neuronal membrane.
Targeting of GABA A receptors
At least three receptor types are present in the extrasynaptic membrane of granule cells, but only a high-conductance type is found at the synapse. The conductance of synaptically activated GABA A receptors was calculated by peak-scaled nonstationary fluctuation analysis and from direct resolution of channel closures in the tail of I PSC s. For several reasons, we believe that the synaptic channel is of a single type. There was a remarkable correspondence between the weighted-mean single-channel conductance obtained with fluctuation analysis and the unitary conductance determined from directly resolved channel openings. Moreover, the parabolic relationship between mean current and variance indicates that there is no difference in the weightedmean conductance of channels contributing to different phases of the IPSC decay. This was supported by the consistency of step size throughout the I PSC and by the fact that the smallest IPSCs had peak amplitudes that were integer multiples of the unitary step size. It is important to note that a single conductance state does not establish the presence of a single GABA A receptor population. In studies of recombinant receptors, all ␣␤␥ combinations examined so far give rise to similar high-conductance channels. For example, in this study, the substitution of a ␤ 3 for a ␤ 2 subunit did not significantly alter single-channel conductance. Nevertheless, the high conductance of the synaptic receptors ( Table 1 ) clearly indicates that they contain a ␥ subunit. This conclusion is supported by the fact that I PSC s at P7 are prolonged by benzodiazepines (Farrant and Brickley, unpublished observation) in a manner similar to that reported for granule cells in slightly older animals (Rossi and Haman, 1998) .
Potential mechanisms of receptor targeting
It has been known for some time that the ␥ subunits are concentrated at many GABA A synapses . The most novel aspect of our results is the suggestion that GABA A receptors lacking a ␥ subunit are specifically e xcluded from the synapse. In this context it is interesting to note that in adult granule cells the ␥ subunit is found in both synaptic and extrasynaptic membrane, whereas the ␦ subunit, which is thought to substitute for the ␥ in some heteromeric assemblies, is found only extrasynaptically (Nusser et al., 1998) . Recently, several mechanisms have been identified that may account for the differential targeting of receptors containing a ␥ subunit. A novel microtubule-associated protein GABAR AP (GABA A -receptor-associated protein) has been identified and shown to interact preferentially with the ␥ 2 subunit, linking it to the cytoskeleton and promoting receptor clustering (Wang et al., 1999) . The protein gephyrin has also been implicated in the clustering of GABA A receptors at synaptic sites (Craig et al., 1996; Giustetto et al., 1998) , and in neurons from mice lacking the ␥ 2 subunit, both GABA A receptor and gephyrin clusters are disrupted (Essrich et al., 1998) . Whether either of these interactions accounts for the preferential incorporation of ␥-containing receptors at granule cell synapses remains to be determined.
Although differential targeting of receptors is an attractive explanation for our observations, other interpretations of the data need to be considered. Recent studies suggest that the conductance of certain ligand-gated ion channels may be influenced by agonist concentration (Eghbali et al., 1998; Rosenmund et al., 1998) . If this were the case, the difference in conductance of extrasynaptic and synaptic GABA A receptors could simply reflect the difference between steady-state activation of receptors in the presence of 50 M GABA and the activation of synaptic receptors by a brief pulse of transmitter of much higher concentration. We think this is unlikely. Brief application (1 msec) of 1 mM GABA to outside-out patches from internal granule cells (P7) results in the activation of GABA A receptors with a range of conductances similar to those seen in the present steady-state experiments (our unpublished observation). As in the steady-state experiments, most of the openings are of a high-conductance type (ϳ30 pS), but lower conductance openings are also present. Moreover, channels activated by low micromolar concentrations of GABA also display similar conductances Amico et al., 1998) . Thus, for GABA A receptors in cerebellar granule cells at least, the concentration of transmitter does not affect singlechannel conductance. Because our experiments identify only functional receptors, we cannot of course exclude the possibility that multiple receptor types are present in the postsynaptic membrane, with a specific subset being nonfunctional or "silent" (Lewis et al., 1990; Poisbeau et al., 1997) .
Functional consequences of differential receptor localization
Although granule cells receive synaptic input only on their distal dendrites, most of the GABA A receptor subunits are localized to proximal dendritic and somatic membrane (Nusser et al., 1995) . The significance of these extrasynaptic GABA A receptors remains unclear. However, in older animals, extrasynaptic ␣ 6 ␤ 2/3 ␥ 2 or ␣ 6 ␤ 2/3 ␦ GABA A receptors may be involved in generating a tonic conductance attributable to their activation after spillover of GABA from the synaptic cleft Brickley et al., 1996; Tia et al., 1996; Wall and Usowicz, 1997; Nusser et al., 1998; Rossi and Haman, 1998) . More speculatively, in immature cells the extrasynaptic receptors could be important in some (n ϭ 92) (n ϭ 37) (n ϭ 10) (n ϭ 480)
Conductance values are given in pS (mean Ϯ SEM). Data for extrasynaptic channels were obtained from analysis of individual clusters of openings (n ϭ 21 somatic patches). For each cluster type, the number of clusters is indicated in parentheses. The conductance value from nonstationary fluctuation analysis is from estimates of weighted-mean conductance in 10 cells. The conductance value from direct resolution of synaptic channel events is the mean of all resolvable steps in 234 I PSC s from eight cells.
aspects of the migration and differentiation of cerebellar granule cells. The depolarizing action of GABA in developing cerebellar granule cells (Brickley et al., 1996) could underlie possible trophic roles for this transmitter system that precede its more conventional inhibitory actions (C arlson et al., 1998) .
